Treatment of coronary bifurcation lesions remains an ongoing challenge for interventional cardiologists. Stenting of coronary bifurcations carries higher risk for in-stent restenosis, stent thrombosis, and recurrent clinical events. This review summarizes the current evidence regarding application and use of biomechanical modeling in the study of stent properties, local flow dynamics, and outcomes after percutaneous coronary interventions in bifurcation lesions.
Stents in bifurcations exhibit a predisposition to higher rates of in-stent restenosis, thrombosis, and recurrent adverse clinical events (2, 3) . Therefore, the interventional management of bifurcation lesions remains challenging and the ideal treatment strategy is still elusive.
Locally disturbed blood flow is a major determinant for the development and progression of atherosclerosis (4-6). In particular, low endothelial shear stress (ESS) provokes molecular, cellular, and vascular responses in atherosclerosis-prone sites, leading to plaque initiation and progression toward a more "vulnerable" profile via multiple mechanisms and interactions (7, 8) . A detailed quantitative appraisal of stent-induced alterations of blood flow following bifurcation stenting plays a key role in understanding this complex geometry (9) . This information can facilitate the optimization of bifurcation stenting techniques, stent design, and subsequent reduction of adverse outcomes. Whereas seminal reports in this field have employed idealized conceptual geometrical models (15, 16) , patient-specific models based on hybrid clinical coronary imaging data have emerged in the recent years (17) (18) (19) (20) (21) . Processing of complex arterial geometries to fit a computational grid is not a trivial undertaking.
A hybrid meshing method that combines tetrahedral and hexahedral elements has been adopted to reduce (22) . In general, unstructured meshes are more widely used as they are easier to apply, but structured meshes may accelerate numerical solution and yield more precise results (23) . The presence and composition of plaque critically determine the mechanical behavior of the arterial wall and thus the computational simulation results. Plaques exhibit a large variation in their mechanical properties and this is reflected in the constitutive laws used in plaque modeling (24, 25) . Simplified models are commonly used to study complex and dynamic structural vascular phenomena and interactions (26) (27) (28) . The mechanical properties of stents and balloons extracted from medical imaging or from manufacturer specifications can also be integrated into the computational models. high wall stresses that may lead to arterial injury (36, 37) . Therefore, a minimal balloon overlap was suggested, which would diminish the elliptic deformation after KBI (38) . In addition, a short noncompliant balloon in the proximal segment may correct local stent deformation (39) . A recent study in Both approaches restored an optimal spatial stent configuration in the main vessel and similar side branch access. KBI resulted in higher stresses in the Antoniadis et al.
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arterial wall during balloon inflation, making it less favorable in a single-stent strategy (28) .
Computer structural simulations were also used to investigate the biomechanical influence of the final KBI in provisional side branch stenting. Stresses generated in the arterial wall by stent expansion and hemodynamic forces on the intimal layer of the vessel were examined before and after KBI. KBI resulted in 
Antoniadis et al.
A U G U S T 2 4 , 2 0 1 5 : 1 2 8 1 -9 6 almost 2.5Â higher average wall stress than stent deployment in the main vessel only. KBI was favorable, however, with respect to local blood flow patterns for the side branch. Based on these simulations, a new tapered balloon dedicated to bifurcation lesions was proposed to limit the structural damage induced to the arterial wall and to enhance the local ESS patterns (41) .
Another study investigated the local hemodynamic effects of KBI when access is performed through proximal or distal side of the side branch (22) . The study showed that access of the side branch through stent cells on the distal side of the side branch led to a smaller area exposed to low ESS compared with access to the proximal side of the side branch. This Notably, stent underexpansion also favors ISR as it adversely affects local ESS by creating small gaps between the struts and the arterial wall and increasing flow resistance (46) . Stent overlap also relates to poor stent outcomes, and this effect might be due to the unfavorable hemodynamic conditions created locally in the overlapping stent segments (7, 50) .
In addition to the well-known effects of ESS on the endothelium, the wall stresses within the wall may also play an important role in vessel injury and remodeling (51) . The stent struts cause stress concentrations as well as static stresses and strain in the vessel wall that can lead to vessel injury, inflammation, and cellular proliferation (52) . It is plausible that the biomechanical stresses act in synergy (53) . An inverse relation between ESS and neointimal hyperplasia and a linear relation between wall stress and neointimal hyperplasia were found. Of note, a linear association between the ratio of wall stress to ESS and neointimal hyperplasia was noted, suggesting that both fluid and solid mechanics influence the extent of neointimal hyperplasia (53) . In recent years, considerable progress has been achieved in construction of anatomically accurate in vitro bifurcation models. The initial rigid polymethyl methacrylate phantoms were replaced by flexible silicone models. Also, the conventional planar bifurcation models were gradually surrogated Antoniadis et al. The optimal side branch ostial dilation through the main vessel stent is critical to the overall stenting results in bifurcation regions (63, 64) . In vitro testing showed that the location of wire crossing in the main vessel stent largely affects the outcomes of side branch ostial dilation (64) , and the current recommendation is to recross through a distal cell of the main vessel stent (39) . Crossing through a proximal cell results in unapposed struts in front of the carina, reduction of the struts-free side branch ostial area, and suboptimal scaffolding of the side branch ostium (Figure 2) (56,58,65 ). The use of optical coherence tomography to confirm the site of wire recrossing significantly reduces the rate of strut malapposition This figure highlights the importance of crossing the side branch through a distal cell of the main vessel stent to achieve good side branch ostial opening after final kissing balloon inflation (KBI). Crossing the guidewire through a distal stent cell (A) optimizes the side branch ostial area (B), whereas crossing through a proximal stent cell (C) leaves malapposed struts near the carina (D). Adapted with permission from Foin et al. (65) .
Biomechanical Modeling of Bifurcation Stenting in these settings (66) . However, in the case of crush stenting, in vitro bench testing suggests that distal cell recrossing should not be pursued as it induces gaps in stent scaffolding of the side branch. These gaps are the result of the guidewire following a short course outside the side branch stent mesh before entering the side branch stent area (58) .
In vitro bench testing yielded important information for the optimization of culotte stenting.
Culotte stenting is more appropriate in stents with
an open-cell-based architecture. In stent cells that cannot be sufficiently enlarged, the use of a balloon that exceeds the maximum stent diameter leads to "napkin ring" stent deformation (i.e., restriction of stent expansion at the side branch ostium) (57) .
IN VITRO BENCH TESTING FOR THE OPTIMIZATION
OF KBI. In vitro models have been successfully used to assess the best strategy for post-stenting KBI in bifurcation regions. In a 3D left main bifurcation model, differences in stent morphology were found between long-overlapping and minimal-overlapping KBI followed by proximal optimization (Figure 3) (67). The differences were variable but specific for each stent type. Another bench study demonstrated that a 2-step KBI after crush stenting (i.e., where a high pressure post-dilation in the side branch is followed by simultaneous KBI) significantly reduced the residual ostial stenosis compared with using single KBI (58) . Bifurcation in vitro stent models are particularly useful in the assessment and prevention of strut malapposition after KBI (68) (69) (70) . During KBI, the aggregate diameter of the 2 overlapping balloons can exceed the main vessel reference diameter and elicit an asymmetric stent expansion that can lead to arterial overstretch and stent distortion in the proximal main vessel (68, 69) . In vitro bench studies also showed that sequential dilation of the side branch and main vessel may be a possible alternative to KBI (Figure 4) (54,69) .
LIM IT ATI ONS AN D CHALLENG ES OF IN V ITR O B ENCH T EST ING.
In vitro bench testing has the advantage of providing a realistic assessment of the bifurcation geometry and stent properties and can be applied in large-scale studies (58) . However, there are several shortcomings that necessitate further consideration: 1) differences in elasticity between in vitro vascular models and human coronary arteries; 2) difficulty in the generation of an accurate atherosclerotic coronary model with variable luminal stenosis, plaque burden, and wall calcification;
3) incomplete representation of the complex 3D Long-overlapping KBI maintained the 3-link structure of the stent at the proximal main vessel (arrows) and induced inadequate strut expansion at the ostium of the side branch (asterisk). Cross-sectional views demonstrate more oval-shaped dilation of the main vessel stent at the bifurcation with long-overlapping KBI compared with minimaloverlapping KBI in each stent type (courtesy of Dr. Murasato).
Biomechanical Modeling of Bifurcation Stenting fluid-structure interaction models (17, (74) (75) (76) (77) . However, the simultaneous reconstruction of both the artery and the stents in in vivo settings is still not straightforward. Currently, only optical coherence tomography permits a simultaneous clear visualization of both the arterial wall and stents in vivo and such methods of reconstructing true bifurcation geometry are still under development ( Figure 6) (78-80) . 
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